The course and severity of lupus in spontaneous murine lupus models varies among laboratories, which may be due to variations in diet, housing and/or local environmental conditions. In this study, we investigated the influence of common rodent diets while keeping other factors constant. Female lupus-prone MRL/lpr (MRL/MpJ-Fas lpr /J) mice were subjected to the same housing conditions and given one of the three diets: Teklad 7013 containing isoflavone-rich soy and alfalfa, Harlan 2018 isoflavone-rich soy-based diet or Research Diets Inc. D11112226 (RD) purified-ingredients diet containing casein and no phytoestrogens. While the total caloric intake was similar among all three treatment groups, mice fed on the 2018 diet developed higher levels of proteinuria and mice fed on either 7013 or 2018 developed higher levels of glomerular immune complex deposition. Remarkably, mice fed the RD diet had markedly decreased proteinuria with diminished C3, total IgG, IgG1 and IgG3 immune complex deposition, along with reduced CD11b + cellular infiltration into the glomeruli. The type of diet intake also influenced cytokine production, fecal microbiota (increased Lachnospiraceae in mice fed on 2018), altered microRNAs (miRNAs; higher levels of lupusassociated miR-148a and miR-183 in mice fed on 7013 and/or 2018) and altered DNA methylation. This is the first study to comprehensively compare the cellular, molecular and epigenetic effects of these commercial diets in murine lupus.
Introduction
Autoimmune diseases are characterized by a loss of tolerance and subsequent recognition of self-antigens by dysregulated immune cells. Systemic lupus erythematosus (SLE) is an incurable, multi-systemic autoimmune disease that most often affects women of child-bearing age. Prevalence for SLE throughout the world ranges from 20 to 150 cases per 100 000 people, with females being 9-13 times more likely than males to develop the disease symptoms (1) (2) (3) (4) . Current 10-year survival rates are estimated to be between 70 and 90% with the majority of deaths occurring due to cardiovascular failure, infections or renal failure (5, 6) . The full etiology of SLE is unknown at this time, with contributions from genetic, epigenetic, hormonal and environmental factors driving the breakdown of immune cell tolerance, immune attack on target tissues and subsequent development of disease in susceptible individuals (3, 4, 7, 8) . In SLE, immune dysregulation is evident in all major immune cell types culminating in the development of auto-antibodies against multiple self-antigens (including auto-antibodies against nuclear components, phospholipids and Sm), increased expression of multiple cytokines, abnormal epigenetics [DNA hypomethylation, altered microRNAs (miRNAs), histone modification and nucleosome remodeling] and altered phenotype and function of innate immune cells, such as dendritic cells (DCs) and neutrophils (9) (10) (11) (12) (13) (14) (15) (16) .
The prevalence of immune-mediated diseases such as SLE in industrialized countries has been increasing rapidly in the past six decades, which in part may be due to changes in dietary and environmental factors (4, 8) . Recently, there has been an increased focus in identifying potential environmental factors that may trigger disease onset in genetically susceptible individuals. The time of onset and severity of expression of lupus in genetically susceptible lupus-prone MRL/lpr mice vary among different laboratories, which is likely attributable to many variables. These include differences in mouse commercial diets, housing conditions (room temperature, dark/light cycle, humidity, bedding, type of endocrine-disrupting containing plastic cages, animal handling), sex and minor alterations in genetics, among other local environmental conditions. To address whether commercial rodent diets have an influence on murine lupus, it is thus imperative to control for the above conditions to the extent possible. Therefore, in this study, we utilized female MRL/ lpr mice, a classical mouse model to study immune complex glomerulonephritis that resembles human lupus nephritis, and controlled for the above conditions with one variablemouse diets. All female MRL/lpr mice were purchased from one vendor and were fed on one of the three diets: (i) a purified-ingredients diet (RD; for a detailed description, see the Methods section) with a casein protein source that lacks phytoestrogens, (ii) a chow diet containing soy and alfalfa (7013) or (iii) a phytoestrogenic isoflavone-rich soy-based chow diet (2018) . All mice were housed in the same room and exposed to the same housing and handling conditions. Our studies clearly demonstrate that these diets have a differential regulation on the expression of lupus-associated cellular and molecular parameters, and the type of immune complex glomerulonephritis.
Methods

Mice and rodent diets
Genetically lupus-prone MRL/MpJ-Fas lpr /J (MRL/lpr, stock# 000485) breeders were purchased from a single vendor (Jackson Laboratory, ME, USA) and bred in house. All mice were housed in the AAALAC-certified animal facility at the Virginia-Maryland College of Veterinary Medicine (VMCVM), Virginia Tech. Only female MRL/lpr mice were used in this study and fed the following three different diets: (i) Open Standard diet D11112226 purified-ingredients diet (Research Diets, Inc., New Brunswick, NJ, USA; RD), (ii) 7013 NIH-31 Modified 6% Mouse/Rat Sterilizable Diet (Harlan Laboratory, Madison, WI, USA) and (iii) commercial 2018 Teklad Global 18% Protein Rodent Diet (Harlan Laboratory). The RD diet protein source is derived entirely from casein, while diet 7013 is from fish meal, soybean meal and alfalfa meal, and diet 2018 is from soybean meal. These protein sources led to altered phytoestrogen content between diets, with the RD diet having undetectable levels of isoflavones, 7013 having moderate isoflavone content, while the 2018 diet contained the highest level of isoflavones. Isoflavone content of each diet was measured both internally through the toxicology laboratory at VMCVM, as well as through the commercial company Covance (Princeton, NJ, USA). Protein and fat concentrations were comparable between all three diets, with similar levels of vitamin D, choline, thiamine, folate and other B vitamins. The vitamin content of the RD diet was slightly lower in vitamin A, vitamin K, Niacin and pantothenic acid than either 2018 or 7013. Both RD and 7013 had lower concentrations of vitamin E and B vitamins riboflavin, biotin and pyridoxine-HCl compared to diet 2018. Mice were started on each respective diet at weaning (3 weeks of age) until the end of the study at 16 weeks of age. Food consumption was carefully monitored throughout the study, and average caloric ingestion per mouse calculated weekly. We chose to use only females in this study to retain sex-uniformity among groups (and avoid the complication of gender effects). Care was taken to ensure that all three groups were subjected to the same housing, local environment and handling conditions. All animal procedures and experiments were performed in accordance with guidelines of the Institutional Animal Care and Use Committee (IACUC) at Virginia Tech.
Splenocyte preparation and cellular culture
Whole splenocytes were isolated using standard laboratory procedures described in detail previously (10, 11, 17) . Briefly, the spleens were dissociated by gently scraping through a steel screen, and the cell suspension was passed through a 70-µm cell strainer to remove undissociated tissue debris. The splenocytes were isolated by lysing red blood cells with Ammonium-Chloride-Potassium-Tris-NH 4 Cl buffer and then washing with complete RPMI-1640 medium (Mediatech, Inc., Manassas, VA, USA) that was supplemented with 10% charcoal-stripped fetal bovine serum (Atlanta Biologicals, Flowery Branch, GA, USA), 2 mM l-glutamine (HyClone Labs Inc., Logan, UT, USA), 100 IU ml −1 penicillin and 100 µg ml −1 streptomycin (HyClone) and 1% non-essential amino acids (HyClone) before seeding into cell culture plates for treatment.
Multiplex cytokine assay
Ciraplex® Chemiluminescent Assay kits (Aushon Biosystem, Billerica, MA, USA) were used to quantify the levels of IFN-γ, IL-1β, IL-2, IL-6, IL-10, IL-12p70, IL-17 and TNF-α in cell culture supernatants per the manufacturer's instructions (12) . The images of chemiluminescent array plates were captured with the Cirascan image system (Aushon) and the image data were processed with Cirasoft software. Because of serum sample volume restrictions, a Cytometric Bead Array T h 1/T h 2/T h 17 Cytokine kit (BD Biosciences, San Jose, CA, USA) was used to quantify levels of IL-2, IL-4, IL-6, IFN-γ, IL-17A and IL-10 in serum samples simultaneously per the manufacturer's instructions. The assay was performed on a BD FACSAria platform.
Assay of serum auto-antibodies
Serum anti-dsDNA auto-antibodies. The female MRL/ lpr mice were aged in our facility and blood was collected by sub-mandibular venipuncture every 2 weeks after they reached 6 weeks of age. The serum anti-dsDNA antibody levels were measured by ELISA per our previous reports (10, 11, 17) . Briefly, the Costar 96-well plate was coated overnight with 100 µg ml −1 calf thymus dsDNA (Sigma-Aldrich, St. Louis, MO, USA). After washing, the plate was blocked with PBS and 1% BSA (Fisher, Fairlawn, NJ, USA), incubated with serum samples, followed by incubation with HRPconjugated goat-anti-mouse IgG-gamma (Sigma), IgG1, IgG2a, IgG2b or IgG3 (Thermo Fisher Scientific, Waltham, MA, USA), and lastly 3,3′,5,5′-tetramethylbenzidine substrate for signal development (KPL, Inc., Gaithersburg, MD, USA). The absorbance was measured by reading the plate at 380 nm with a SpectraMax M5 Microplate Reader (Molecular Devices, Sunnyvale, CA, USA).
Serum anti-cardiolipin. End-point serum anti-cardiolipin levels were measured by ELISA. The Costar 96-well plate was coated overnight with 50 µg ml −1 cardiolipin from bovine hearts (Sigma-Aldrich). The plate was blocked with Trisbuffered saline (TBS) with 2% BSA (Fisher), then washed with 1× TBS. The serum samples were diluted 1:100 in TBS with 1% BSA (Fisher) and incubated at 37°C in 0% CO 2 , washed, followed by incubation with alkaline phosphatase-conjugated goat-anti-mouse IgG (Southern Biotech, Birmingham, AL, USA). Lastly, the plate was incubated for 1 h with 5 mg para-Nitrophenylphosphate (Sigma) dissolved in diethanolamine substrate buffer (Thermo Fisher Scientific), 50 µg per well. The absorbance was measured by reading the plate at 405 nm with a SpectraMax M5 Microplate Reader (Molecular Devices).
Serum anti-SmD1. The level of anti-Sm protein auto-antibodies in the serum of 16-week-old MRL/lpr mice was measured using the Mouse Anti-SmD1 ELISA Kit (Signosis, Santa Clara, CA, USA). Ninety-six-well plates were pre-coated with SmD1 antigen, samples and controls were added at 1:100 dilution and incubated at room temperature with shaking as per directions. Wells were washed with the provided Assay Buffer, then HRP-conjugated anti-mouse IgG was added to each well and allowed to incubate. The wells were washed and included kit Substrate was added, followed by Stop solution. The absorbance was measured by reading the plate at 450 nm with a SpectraMax M5 Microplate Reader (Molecular Devices). .
Measurement of proteinuria
Renal histopathology
As previously described (10), the kidneys from the MRL/lpr mice were collected and fixed in 10% buffered formalin and embedded in paraffin. Five-micron sections were stained with H&E or periodic acid-Schiff (PAS) in the histopathology laboratory at VMCVM, Virginia Tech. The stained renal sections were assessed by Dr Tom Cecere, a board-certified pathologist, in a blinded fashion. A grade of 0-4 (0 = perfect, no change; 1 = minimal; 2 = moderate; 3 = marked; 4 = severe) was given to reflect the glomerular, tubular, interstitial and vessel inflammation and lesions, respectively. By adding the scores together, we derived an overall renal score for the microscopic changes in each sample. (18) (19) (20) , the basement membranes were traced and the fluorescent intensity of the selected area was measured. The background fluorescence adjacent to each glomerulus was also measured. Background intensity was then subtracted from the glomerular fluorescent intensity to determine the corrected glomerular fluorescent intensity (CGFI) value.
Renal immunofluorescence
Fifteen (15) 
Quantification of miRNA expression
Total RNA, containing small RNA, was isolated from whole splenocytes that were either non-stimulated or after 24 h of LPS stimulation, using a miRNeasy Mini Kit (Qiagen, Valencia, CA, USA). On-column DNase digestion with RNase-free DNase (Qiagen) was performed to remove residual amounts of DNA contamination in the isolated RNA. The RNA concentration was quantified using a NanoDrop 2000 (Thermo Fisher Scientific Inc., Wilmington, DE, USA). As we described in detail previously (10, 11) , Taqman miRNA assay reagent (Applied Biosystems, Grand Island, NY, USA) was used to quantify the miRNA expression per the manufacturer's instructions. The expression level of miRNA was normalized to small RNA housekeeping control snoRNA (small nucleolar RNA) 202. The data were shown as relative expression level to an appropriate control by using the 2 −ΔΔCt formula (Livak method).
To analyze circulating miRNA in the serum, aliquots (50 µl) of serum were shipped on dry ice to FireflyBioworks (Abcam, Cambridge, MA, USA) for miRNA analysis utilizing a custom Multiplex Circulating miRNA Assay. Probes used targeted miR-18a-5p, miR-20a-5p, miR-21a-5p, miR-31-5p, miR-125a-5p, miR-126a-3p, miR-127-3p, miR-146a-5p, miR148a-3p, miR-150-5p, miR154-5p, miR155-5p, miR-181a-5p, miR-182-5p, miR-200b-3p, miR-223-3p, miR-379-5p, miR451a, let-7d-5p, let-7g-5p, let-7i-5p. Analysis of results was Commercial diets alter murine autoimmune disease 265 performed using Firefly Analysis Workbench software, and signal intensities for each miR probe were normalized to the intensities of the let-7 group.
Microbiota sampling, DNA extraction and PCR
During the study, fecal microbiota samples were obtained by taking individual mice out of their cage and collecting fecal pellets. At the conclusion of the study, colonic microbiota samples were collected within 20 min after euthanasia. To avoid cross-contamination, each microbiota sample was collected using a new pair of sterile tweezers. All samples were stored at −80°C until being processed at the same time. DNA was extracted using the MoBio PowerSoil DNA Isolation kit (MoBio, Carlsbad, CA, USA). Total bacterial DNA was amplified using primers F430 and R514, and Lachnospiraceae DNA was amplified using primers 338F and 491R, and Lactobacillaceae DNA was amplified using primers LabF362 and LabR677. Primer sequences are listed in Supplementary  Table 1 (available at International Immunology Online). Relative abundance was evaluated using the 2
ΔCt method (21).
RT-qPCR gene expression assays
RNA was extracted from splenic leukocyte cell pellets that were either untreated or stimulated for 24 h with LPS 500 ng ml −1 and stored at −80°C. The kidney tissue extract was protected by RNAlater (Thermo Fisher) then stored at −80°C. RNA was extracted using the miRNEasy Mini Kit (Qiagen). The RNA concentration was quantified using a NanoDrop 2000 (Thermo Fisher Scientific). cDNA was created using the iScript Reverse Transcription Supermix (Bio-Rad). Taqman IFNγ 'Mm01168134_m1', IL-6 'Mm00446190_m1', TNF 'Mm00443258_m1' and Dnmt1 (DNA methyltransferase 1) assay reagent 'Mm01151063_m1' (Thermo Fisher Scientific Inc.) were used to quantify the expression of each gene per the manufacturer's instructions. The expression level of each mRNA was normalized to Actb2 (actin beta 2). The data were shown as relative expression level to an appropriate control by using the 2 −ΔΔCt formula (Livak method).
Combined bisulfite restriction analysis
Combined bisulfite restriction analysis (CoBRA) was used to analyze the promoter region for miR-148a. Bisulfite modification of extracted cellular DNA was carried out as described previously using an Epitect Fast Bisulfite conversion kit (Qiagen). The bisulfite PCR primers were designed to amplify three specific regions within the CpG island region of the miR148a promoter using MethPrimer (http://www.urogene.org/ methprimer/). Digestion of PCR products with BstUI (CGCG) (New England Biolabs Inc., Ipswich, MA, USA) was carried out at 60°C for 60 min prior to visualization on a 2% agarose gel.
Statistical analysis
All values in the graphs are given as means ± SEM, or as otherwise stated in the figure legend. To assess statistical significance, unpaired student's t-test or one-way ANOVA and the Tukey-Kramer multiple comparisons tests were performed where appropriate using GraphPad Prism (version 6.07 for Windows).
Results
MRL/lpr mice were fed one of the three experimental diets for 13 weeks, from the time of weaning until the date of sacrifice. Changes in the body weight of mice fed diets RD and 2018 were comparable, while mice fed the 7013 diet had significantly lower initial weight gain in the first week (Supplementary Figure 1A , available at International Immunology Online), and then had comparable weight gain for the remainder of the study (Supplementary Figure 1B, Figure  1D , available at International Immunology Online). The RD diet has undetectable levels of isoflavones, 7013 diet contains about half the isoflavone content of 2018, while diet 2018 had the highest levels of multiple isoflavones as glycosides, daidzin, genistin and glycitin (Table 1) . Diet 7013 also contains alfalfa, which may contain other phytoestrogenic compounds.
Mice fed RD diet had reduced proteinuria and immune complex deposition in the kidneys
MRL/lpr mice rapidly develop severe glomerulonephritis by 12 weeks of age that is characterized by immune complex deposition, which causes inflammation and damage, leading to proteinuria as a measurable indicator of glomerular damage. Kinetics of proteinuria development revealed that mice fed the RD diet developed the lowest levels of proteinuria, which were significantly lower than the mice fed the 2018 diet during late-stage kidney disease at 16 weeks of age (Fig. 1A) . Remarkably, at the end-point of the study (16 weeks), the mice fed the RD diet had minimal evidence of proteinuria compared to mice fed the 2018 diet ( Fig. 1B , P < 0.05). Histopathologic evaluation of the kidneys of MRL/lpr mice following PAS staining revealed not only glomerulonephritis but also renal pathological changes in the interstitium, tubules and renal vessels Commercial diets alter murine autoimmune disease 267 (Fig. 1C) . While the glomeruli of mice fed the RD diet appear to have markedly reduced pathologic changes compared to mice fed the 2018 diet, blinded scoring by a board-certified pathologist did not achieve significance (P = 0.09) (Fig. 1C and Table 2 ). In addition to PAS staining of kidneys, we also evaluated for the IgG immune complex and complement protein 3 (C3) deposition within the glomeruli, as the deposition of these proteins, or protein complexes, in the glomeruli leads to further cellular infiltration and damage. Immunofluorescent microscopy revealed striking differences in IgG and C3 deposition among the mice fed on different diets. It is noteworthy that mice fed on the RD diet, consistent with reduced proteinuria, also had minimal C3 and IgG deposition (Fig. 1C) . Mice fed the 7013 or 2018 diets had a much higher degree of glomerular IgG deposition compared to mice fed the RD diet (P < 0.05) (Fig. 1C and D) . Mice fed on the 2018 diet had a significantly higher level of C3 deposition within the glomeruli compared to mice fed the other 2 diets (P < 0.05) (Fig. 1C and E) .
It has been previously reported that while IgG3 is a small fraction of the total circulating IgG, it is the primary IgG subclass that is deposited within the glomeruli of MRL/lpr mice, contributing to glomerular damage and progression of glomerulonephritis (22, 23) . To further determine the cause of the different levels of IgG deposition among diet groups, we performed immunofluorescence imaging to identify specific IgG subclasses deposited within the glomeruli. Mice fed on 2018 had significantly increased IgG1 ( Fig. 2A and B) , and mice fed on the 7013 or 2018 diets both had higher levels of IgG3 deposition ( Fig. 2A and C) . In contrast, mice fed on the RD diet had noticeably decreased deposition of IgG1 and IgG3 compared to mice fed 2018 ( Fig. 2A-C) . Interestingly, deposition of IgG2a and IgG2b was similar among all diet groups (Supplementary Figure 2 , available at International Immunology Online).
Infiltrating cellular phenotype in the glomeruli of MRL/lpr mice is influenced by diet
As shown in the PAS-stained histopathologic micrographs (Fig. 1C) , the degree of cellular infiltration of glomeruli among diet groups was altered. This disparity led us to investigate potential differences in infiltrating immune cell phenotypes that are commonly implicated in lupus pathogenesis. (Fig. 3A-D) . The group fed the soymeal and alfalfa meal-based diet 7013 had no statistically different levels of cellular infiltration compared to the RD diet group, while CD4 + cells were slightly more abundant (Fig. 3A  and C, P = 0.085) . Consumption of soymeal-based diet 2018 led to the highest level of infiltration of CD11b + cells with similar levels of CD4 + and Ly6G + cells to the other two diet groups (Fig. 3B-D) .
Dietary source has minimal effect on serologic lupus parameters in MRL/lpr mice
Given that MRL/lpr mice fed 2018 or 7013 manifested greater glomerular immune complex deposition than mice fed the RD diet, we next assessed whether similar alterations in lupusassociated autoimmune antibodies (anti-dsDNA, anti-cardiolipin and anti-Sm auto-antibodies) are also evident. There was no measurable difference in the circulating levels of any of the three auto-antibodies among diet groups, except for anti-dsDNA at week 11 of age ( Fig. 4A and B ; Supplementary  Figure 3 , available at International Immunology Online). It has been previously reported that IgG2a is the predominant circulating IgG subclass (23, 24) . To further evaluate the effects of the diets on circulating anti-dsDNA, we measured the levels of anti-dsDNA IgG subclasses IgG1, IgG2a, IgG2b and IgG3. While our data confirm that IgG2a is the predominant circulating subclass, there were no differences found among diet groups, either in early disease stage at 10 weeks of age, or in late-stage disease at 14 weeks of age ( Fig. 4C and D) .
Systemic cytokine production was not influenced by diet source without a secondary stimulus
SLE is associated with changes in pro-inflammatory cytokines (IFN-γ, IL-6 and TNF-α) in the secondary lymphoid organs, including the spleen and lymph nodes. mRNA levels of IFN-γ, IL-6 and TNF-α were analyzed in both unstimulated splenocytes and kidney tissues. No differences were found in cytokine mRNA expression among diet groups ( Fig. 5A and  B) . In past experiences, we did not see detectable levels of cytokine proteins in non-stimulated splenocytes, so we evaluated the cytokine production from splenocytes and mesenteric lymphoid cells after 24 h of stimulation with LPS.
There were no statistically significant changes found in cytokine levels of the mesenteric lymphocytes, or in circulation, among diet groups (data not shown). Changes to cytokine levels were only observed following splenic leukocyte in vitro stimulation with LPS. Mice fed diets 7013 or 2018, compared to the RD group, had a reduction in the levels of multiple cytokines from LPS-activated splenocytes. Compared to the RD diet-fed mice, mice fed the 7013 diet had reduced IL-12p70, and mice fed the 2018 diet had reduced IFN-γ. Mice fed either 7013 or 2018 had reduced IL-1α, IL-6 and TNF-α ( Fig. 5C and D) . These data suggest that reduced immune complex deposition in mice fed the RD diet is not due to generalized immunosuppression. These data also support 1.4 ± 0.7 1.6 ± 0.7 2.1 ± 0.4 0.7 ± 0.9 5.9 ± 2.0 2018 1.7 ± 1.2 2.0 ± 1.0 2.1 ± 0.6 1.1 ± 1.3 6.9 ± 3.7
a Evaluation and scoring of formalin-fixed renal sections. H&E-and PAS-stained slides were evaluated by a board-certified veterinary pathologist in a blinded fashion. Individual scores were averaged for each group score for each structure evaluated. Data are shown as mean ± SD (n = 8 mice for 7013, 9 mice for 2018 and RD groups).
that mice fed the RD diet are not experiencing systemically higher levels of cytokine production, rather, the changes seen are organ specific following LPS stimulation.
Immune cell phenotype in secondary lymphoid organs was not significantly affected by diet sources in MRL/ lpr mice
To determine if the changes in cytokine levels were due to altered cellular populations, we analyzed the cellular composition of different tissues by flow cytometry. We assessed multiple cell populations that have been implicated in lupus pathology, including CD4 + and CD8 + T cells, T regulatory cells, T h 17 cells and B-cell populations in the spleen and mesenteric lymph node (mLN) both before, and after, stimulation. There were no statistically significant changes in any of the T-cell sub-populations in either the spleen or mLN among any of the diet groups (Supplementary Figure 4 , available at International Immunology Online). We identified a trend in changes of the B-cell populations in the spleens and mLN among diet groups, with mice fed the RD diet having the lowest number of CD19 + B cells before and after stimulation with anti-CD3/CD28, though these values did not reach statistical significance. 
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Dietary effect on fecal microbiota
A recent report has shown lupus disease severity in the MRL/ lpr mouse model correlates with the relative abundance of specific colonic bacterial groups, with Lachnospiraceae abundance having a positive correlation in lupus severity while Lactobacillaceae has a negative correlation (21) . Because of the interactions of intestinal microbiota with dietary components, we wanted to determine if there were alterations in the relative abundance of colonic bacterial groups shown to be important in lupus development. Bacterial DNA was isolated from fecal samples; both 1 week after weaning and at the end of the study. qPCR was performed with primers specific for total bacteria, Lachnospiraceae and Lactobacillaceae, to amplify the isolated DNA and evaluate relative abundance. The relative amount of total bacterial DNA was not different among diet groups (Supplementary Figure 5 , available at International Immunology Online).
Abundance of Lachnospiraceae was shown to be higher in the mice fed the 2018 diet compared to the mice fed the RD diet at both time points, consistent with previous reports of higher Lachnospiraceae abundance in more severe lupus disease (Fig. 6A) . Interestingly, Lactobacillaceae DNA was amplified at only negligible levels among all diet groups at both time points, suggesting a lack of Lactobacillaceae species within the MRL/lpr mice used in this study (Fig. 6B) .
Select epigenetic markers of lupus are significantly affected by diet source in MRL/lpr mice
qPCR analysis of the expression of selected lupus-related miRNAs (miR-182, miR-155, miR-31, miR-127, miR-379, miR148a, miR-183) revealed that diet did not influence the level of above miRNAs in unstimulated splenocytes of MRL/lpr mice (Fig. 7A) . To further our understanding of the impact of diet source on the disease development, we next asked if dietary source augments the epigenetic response following activation of splenocytes by LPS. Following 24 h of stimulation with LPS, there was a higher expression level of miR-148a in mice fed either the 7013 or 2018 diet, and an increased level of expression in miR-183 in mice fed the 7013 diet when compared to mice fed the RD diet (Fig. 7B) . Further evaluation revealed that LPS stimulation significantly reduced miR-148a expression in splenocytes of mice from all three diet groups (Fig. 7C) . The suppression effect is more profound in the RD diet group than that from 7013 and 2018, which contributes to the observation of increased miR-148a in LPS-activated splenocytes from 7013 and 2018 diet when compared to RD diet. Similar to miR-148a, the trends of increased miR-127, miR-183, miR-379 and miR-31 in LPS-activated splenocytes from 7013 and 2018 are also attributed to LPS-induced suppression in the RD diet group (Fig. 7D-G) . miR-155, which is a highly LPS-sensitive miRNA (25), was, not surprisingly, up-regulated in LPS-activated splenocytes from all three diet groups to a similar level (Fig. 7H) . This observation suggested that different diets may differentially affect splenic cell immune response to secondary stimuli by altering specific miRNA expression at different levels.
Previous work in our laboratory has shown a connection between estrogen-regulated miRNA and lupus disease progression as well (10) (11) (12) . Because of the potential estrogenic activity of exogenous estrogens found in diets 7013 and 2018, we evaluated the serum levels of both lupus-associated miRNA and estrogen-regulated miRNA, with no significant changes found, though miR-155 approached significance (P = 0.07) (data not shown).
To further our understanding of the contribution of diet source to epigenetic modulation, we also evaluated the global DNA methylation value of non-stimulated and LPS-stimulated splenocytes. As indicated in Fig. 8A , there was no difference in the global DNA methylation level in splenocytes (either unstimulated or LPS-stimulated) among different diet groups. LPS stimulation significantly increased global DNA methylation levels, compared to unstimulated cells, in splenocytes of mice fed the 7013 or 2018 diets (Fig. 8A) . Correspondingly, we also observed a significant increase of Dnmt1 in LPSactivated splenocytes of mice fed with 2018 when compared to unstimulated control (Fig. 8B) . While it is not significant, there is also a trend of increased Dnmt1 gene expression in LPS-activated splenocytes of mice fed the 7013 diet (Fig. 8B) .
miR-148a has been reported to regulate DNA methylation by targeting DNMT1 (26) . On the other hand, the expression of miR-148a is reciprocally regulated by the DNA methylation level at its promoter region (27) . With the finding of increased global DNA methylation and reduction of miR-148a expression in LPS-activated splenocytes of different diet groups, we next asked if the miR-148a promoter region is differentially methylated between diet groups. We performed CoBRA analysis on three distinct CGCG sites located at the CpG island region of the miR-148a promoter. No methylation change was detected on these three CGCG sites in either unstimulated or LPS-stimulated splenocytes of different diet groups (data not shown). Further investigation of other CpG sites in the promoter region or gene body is necessary to determine if LPS-induced changes in miR-148a expression among diets are due to altered miR-148a methylation status.
Discussion
The influence of diet in autoimmune diseases has long been established (28) (29) (30) (31) . Genetically prone autoimmune mice . Culture supernatant was evaluated using Aushon cytokine Multiplex ELISA. *P < 0.05, one-way ANOVA. Data are shown as mean ± SEM (n = 8 mice per group).
Fig. 6. Effects of dietary source on fecal microbiota. (A, B)
Real-time PCR analysis of (A) Lachnospiraceae or (B) Lactobacillaceae relative abundance in feces from mice 1 week after weaning and at termination. Family-specific gene amplification was compared to total bacterial DNA amplification to determine relative abundance. *P < 0.05, one-way ANOVA. Data shown are representative of three independent experiments. Data are shown as mean ± 95% confidence interval (n = 8 mice for 7013, 9 mice for 2018 and RD groups). such as MRL/lpr mice have been extensively used in many laboratories across the world. However, although all laboratories have consistently reported the autoimmune nature of the disease, there have been notable differences in the time of onset, course and severity of the disease including proteinuria. This implies differences in environmental factors such as diet and housing conditions. Since the level of phytoestrogens in diet can influence the lupus disease, in this study, we utilized a diet that was devoid of phytoestrogens (RD) and compared with two commonly fed diets, one based on soy (2018) and the other based on soy and alfalfa (7013). While many of the nutritional parameters of the three diets were comparable, the RD diet had a higher concentration of carbohydrates, contributing to a higher energy density. Unlike the RD diet, which is strictly controlled with purified ingredients, 7013 and 2018 are grain-based diets, and thus subject to variations in not only grains, but also could include pesticides and other contaminants.
With well-controlled genetics and housing conditions, in this study, we reported the effects of various diets on the development of lupus-like disease by using a genetically susceptible mouse model carrying the Fas lpr mutation, MRL/lpr. We showed that mice fed a casein-based purified ingredient diet had decreased renal deposition of IgG and C3 ( Fig. 1C-E) , including reduced IgG1 and IgG3 deposition ( Fig. 2A-C) . This reduction in immune complex deposition is supported by alterations in the level of glomerular CD11b + immune cell infiltration depending on diet consumed ( Fig. 3A and B) . Consistent with the decreased IgG deposition in the kidneys, there was a trend of decreased (albeit not statistically significant) splenic B cells in mice fed the RD diet (Supplementary Figure 4 , available at International Immunology Online). Cytokine profiles, both at the mRNA and protein levels, were largely unchanged for multiple organs, including unstimulated spleen, mesenteric lymph nodes, kidney and LPS-stimulated mLNs ( Fig. 5A and B; and data not shown). The exception to this was that in splenic leukocytes stimulated with LPS for 24 h, multiple cytokines were reduced at the protein level ( Fig. 5C and D) . Evaluation of epigenetic factors associated with lupus, including lupus-associated miRNA expression and global DNA methylation, revealed that miR-148a, miR-127, miR-183, miR-379 and Dnmt1 expression is influenced by dietary source followed by an inflammatory stimulus LPS (Fig. 7B-G and 8A and B) .
Circulating auto-antibody levels were comparable among groups at the majority of time points evaluated. Our data support that most of the circulating anti-dsDNA IgG is composed of the IgG2a subclass. It is noteworthy that even though the IgG3 subclass constitutes a small percentage of total IgG, previous studies have shown that IgG3 is deposited in the glomeruli of MRL/lpr mice and is considered to be pathogenic (22, 23) . Our studies also show IgG3 glomerular deposition in mice fed on 2018, which had the highest glomerulonephritis. This supports the view that while there are minimal differences in the levels of total circulating IgG, IgG3 can preferentially deposit in the glomeruli of mice fed the diet that promoted the highest levels of glomerulonephritis. Possible explanations for the higher levels of IgG deposition within the glomeruli of mice fed diets 2018 and 7013 include altered intracellular signaling due to the binding of phytoestrogens to estrogen receptor isotypes or alterations in cellular activation profiles due to differences within the microbiota that could not be controlled for. More work needs to be done to determine the mechanism by which immune complex deposition is altered by specific dietary components, which is beyond the scope of the present study.
The presence of immunoglobulin deposition in the glomeruli was not the only change found among diet groups, as our results showed a disparity in the level of CD11b + cell infiltration in the glomeruli among diet groups at the time of sample collection. The changes in cell infiltration by diet may be due to differences in the number of circulating immune cells, alterations in cell signaling and the presence of deposited inflammatory proteins within the glomeruli.
While the mice fed the casein-based RD diet had the lowest level of glomerulonephritis, these mice also had the highest levels of cytokine production in in vitro LPS-activated splenocytes. It is important to note that while many of these cytokines have conventionally been classified as 'pro-inflammatory', current knowledge supports that cytokine activity is context specific. IL-17 and IFN-γ are generally considered to be pro-inflammatory; however, IL-17 can exhibit antiinflammatory activity in specific contexts (32) , as can IFN-γ (33) . Changes in tissue cytokine response were not a result of differences with T-, B-or MHC II + cell numbers between diet groups. Our data support that the RD diet did not lead to reduced glomerulonephritis through immunosuppression. This is consistent with previous in vitro reports in which genistein treatment led to a reduction in LPS-induced TNF-α and IL-6 in RAW 264.7 macrophages (34). There may be altered cell numbers in cell populations that were not explored in the scope of this study that may contribute to the higher cytokine production in splenocytes of mice fed the RD diet.
Previous studies have linked the gut microbiota to regulation of multiple autoimmune diseases, ranging from diabetes to multiple sclerosis to SLE (35) (36) (37) (38) (39) (40) (41) . Since dietary nutrients influence microbiota signatures, we investigated the effects of the three diets on two groups of bacteria identified to be important to SLE parameters in the MRL/lpr mouse model. Our data showing higher levels of Lachnospiraceae 1 week after weaning, as well as during late-stage disease (Fig. 6A) , in mice fed the 2018 diet support a role for Lachnospiraceae influencing glomerulonephritis development and severity. It has been widely reported that dietary fiber, both soluble and insoluble, is able to modulate the gut microbiota, altering the relative abundance between Firmicutes and Bacteroidetes (42, 43) . The dietary fiber sources are different among diets, with the fiber in the RD diet exclusively consisting of soluble fiber inulin, and the chow diets 7013 and 2018 containing a mixture of plant-derived soluble and insoluble fibers. These alterations in fiber source and content may also contribute to differences in relative abundance of Lachnospiraceae seen between the RD diet and the 2018 diet. Finding negligible relative abundance of Lactobacillaceae sp. in all three groups was unexpected (Fig. 6B) . It is possible that over time, these mice derived from our breeding colonies have had reductions in Lactobacillaceae abundance, leading to negligible levels of these bacteria in our breeding colony. Caution should be taken when evaluating microbiota signatures and effects on disease between mice from multiple facilities.
We have previously shown that exogenous administration of 17-β estradiol (estrogen) induced signature miRNA changes in the spleens of both C57BL/6 and lupus-prone NZB/W F1 (New Zealand Black/White F1 progeny) mice (44) . In this study, we show that diet source has the ability to modify the splenic lupus-associated miRNA expression after LPS stimulation, with no changes in baseline or serum miRNA expression profiles in the MRL/lpr mouse model. miR-148a was shown to contribute to lupus CD4 + T-cell hypomethylation through direct down-regulation of Dnmt1 (26) . While this may not lead to a change in numbers of CD4 + T cells, hypomethylation can have a profound impact on cellular signaling and function. miR-183, together with miR-96 and miR-182 (members of the miR-183-96-182 cluster), have been shown to be up-regulated in multiple mouse models of lupus, potentially leading to down-regulation of Foxo1/3 in T cells and MITF in B cells. This may result in subsequent breakdown of T-cell tolerance, spontaneous B-and T-cell activation, enhanced autoantibody production and secretion and enhanced T-helper cell activation (10, 45) . It is noteworthy that while miR-183 was significantly higher in mice fed the 7013 diet compared to the RD diet, miR-182 was not changed between diet groups.
Reports have shown that the isoflavone genistein can influence the methylation of the ERβ (estrogen receptor β) promoter region in prostate cancer cells (46) . Because of the reduced miR-148a expression and increased global DNA methylation in LPS-activated splenocytes, we wanted to determine if diet source can influence the methylation levels of the miR-148a promoter region. Evaluation of the methylation status of the CpG island region of the miR-148a promoter revealed no evidence of methylation at the three regions of interest. Soy isoflavones have been shown to regulate Dnmt1 expression in breast cancer cells (47, 48) , which may in turn regulate multiple miRNA expression levels. Our data showed that consumption of diet 2018 led to increased Dnmt1 expression following LPS stimulation (Fig.  8B) . Other epigenetic changes, such as histone modification or methylation of other regulatory protein genes, may contribute to alterations in miRNA expression due to dietary ingestion. Further studies are warranted to determine the exact epigenetic mechanisms by which dietary components can exert exacerbating or ameliorating effects on SLE in mouse models.
These results show that the serum miRNA levels do not necessarily correlate with the splenic tissue miRNA levels of lupus-associated miRNAs. Our results support that when evaluating patients with autoimmune disease, as well as mouse models of disease, it is vitally important to evaluate each organ system individually, as what is seen in the serum or secondary lymphoid organs is not necessarily representative of what is occurring in other disease target organs elsewhere in the body.
While the three standard rodent diets were chosen without modification for their variations in phytoestrogen content and protein source, we recognize that the diets are not balanced in all nutrients, and these variables may have contributed to our results. Control must be taken when extrapolating dietary findings in mouse models to human disease influence, as only 30% of the human population has a gut microbiota that allows for the conversion of daidzein to its metabolite equol, while almost all mice have this ability (49) . Equol has been shown to have wide ranging effects, including reduced DNA damage after UV exposure and alterations to the immune system (49, 50) . Our results show that, while controlling for housing, sex and handling conditions, diet alone can have an impact on immune complex glomerulonephritis, renal cellular infiltrates, microbiota and molecular behavior of cells after LPS activation. Additionally, our studies on the RD diet (in which dietary formulations are meticulously controlled) provided base line effects on lupus nephritis in MRL/lpr mice. It will now thus be possible to incorporate an exogenous compound of interest (e.g. endocrine-disrupting chemicals) in the RD diet formulation to investigate the effect of this compound. Our ongoing studies are utilizing this approach to understand the impact of oral exposure to estrogenic chemicals. The results of this study contribute to a better understanding of the role of commercial dietary sources and how diet choice can influence disease phenotype variability in the field of autoimmune lupus.
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